severity from partial thickness mucosal tears to complete gastric rupture along the lesser curvature. Most barotrauma cases follow cardiopulmonary resuscitation (CPR) and positive pressure ventilation (1, 2, 6) . It has been postulated that the chest compressions may be instrumental in causing gastric rupture in these cases ( 3 ) . There are only a few descriptions of complete gastric rupture in the absence of chest compression. These have sometimes involved bizarre circumstances, including the insertion of a high pressure oxygen cannula or a fire extinguisher into the mouth (3). We describe a case of gastric barotrauma following attempted bag-and-mask ventilation of an unconscious patient without any application of chest compression.
A common feature of all reported cases has been that the tears occur consistently upon the lesser curvature of the stomach. Autopsies of a series of patients who had undergone CPR revealed partial gastric tears in lo%, all occurring in the lesser curvature (2, 4) . Experimental studies with cadavers have shown that complete rupture from overpressurization of the stomach also occurs most frequently along the lesser curvature (5) . All age and physical status groups are represented in the various case reports, including neonates (3), young adults (1, 3) , and the elderly (2, 4) . The tendency for the tears to occur on the lesser curvature is the same in each group. Previous investigators have not provided an explanation for the preponderance of lesser-curvature tears. We present an explanation based upon physical principles that accounts for the consistent involvement of the lesser curvature in gastric barotrauma. c l Y X 5 lv the International Anesthcsla Research Society An 87-yr-old man with a history of dysphagia and weight-loss due to esophageal dysmotility was scheduled to have a percutaneous gastrostomy performed at bedside by the gastroenterology service. After the intravenous administration of 30 mg of meperidine and 10 mg of diazepam, the patient became unresponsive, apneic, and hypotensive. Positive pressure ventilation was begun with bag and mask, but no chest compressions were employed. Within 5 min after intravenous injection of 1.2 mg of naloxone, the patient awakened with adequate respirations and normal blood pressure. The bedside surgical procedure was cancelled.
During the next 2 hr, the patient developed signs of an acute abdomen. Chest x-ray demonstrated a pneumoperitoneum. The anesthesiology service became involved in his care when he came to surgery for an emergency laparotomy. He was found to have a single full-thickness perforation and several longitudinal serosal tears along the lesser curvature of the stomach. He had no history of preexisting gastric pathology. The lacerations were repaired. The patient tolerated surgery well and had an uneventful recovery.
Discussion
This case and prior reports share a common featurethe tears occurred along the lesser curvature of the stomach. This predilection for a particular location interested us. We realized that our patient's tear was not due to external force, as chest compressions had not been employed. The tear could not be a consequence of xyphisternal pressure upon an already distended stomach. We must assume that the injury resulted from an internal force, the overinflation of the stomach with gas during positive pressure ventilation.
Why does the overinflated stomach almost always rupture along its lesser curvature? The answer may be found in LaPlace's formula, which relates the sur- face tension of a thin, closed membrane to the pressure within the volume enclosed by the membrane: p = T ( d + $1.
In this equation p is the static pressure within the enclosed volume, T is the tension in the membrane (in units of forceAength), and R1 and R2 are the two principal radii of curvature of the membrane (to be evaluated at each point on the surface of the stomach). Because p is a constant within the enclosed volume, any variations of the radii of curvature XI and R2 must be counterbalanced by opposing variations in the tension T. That is, in regions of the surface where the term in parentheses in equation (1) is smaller, the tension must be correspondingly greater. Figure 1 depicts two cross-sectional views of the stomach, one in a coronal plane and the second in a saggital plane perpendicular to the long axis of the stomach. In this figure we compare the principal radii of curvature at points on the greater and lesser curvatures of the stomach. (Note that the term "curvature" must unavoidably be used in two senses here; we must distinguish "radii of curvature" from "curvatures of the stomach.") The two radii on the greater curvature are designated RIG and R2G, while those on the lesser curvature are RIL and R2L. Note that on the greater curvature of the stomach, the radii of curvature are inwardly directed in both views of Figure I ; that is, both RIG and RZG are positive. However, on the lesser curvature of the stomach, the radius of curvature in the coronal view (RIL) is directed outward from the enclosed volume, which means this radius is of negative sign. The radius of curvature in the saggital cross section (RZL) is again inwardly directed and is therefore positive. This implies that one of the two terms in parentheses in equation (1) will be negative for points on the lesser curvature of the stomach. Therefore, the sum of the reciprocal radii will be significantly smaller on the lesser curvature, and the tension T must be correspondingly greater to balance the opposing pressure from the inside. Thus the lesser curvature of the stomach has been shown to have a greater wall tension than the greater curvature, and as a result will be more likely to rupture from overinflation. In mathemetical terms, defining TIand TG as surface tensions on the lesser and greater curvatures respectively:
therefore,
The only approximation made in this argument is that we have assumed LaPlace's formula to be valid for the stomach wall. This assumption requires that the radii of curvature be much larger than the stomach wall thickness and that the wall itself has little stiffness (that is, an isolated section of stomach wall will offer little resistance to bending motions). Both of these conditions are closely approximated in the human stomach. The validity of the above argument also depends upon the assumption of no major histological differences between the walls of the lesser and greater curvatures. The strength of the stomach is derived mainly from the three layers of the muscularis externa. One of these, the longitudinal layer, is actually more dense along the lesser curvature and is almost absent on the anterior and posterior surfaces (7) . Thus the histological differences would tend to favor an increased rather than a decreased tensile strength along the lesser curvature.
In conclusion, we have given a simple physical explanation for the observation that gastric tears from overpressurization always occur on the lesser curvature. This hypothesis does not rely upon the application of an external force, nor does it require structural or histologcal differences among different regons of the stomach wall. The predilection for gastric tears to occur along the lesser curvature is a result of the fundamental physical principle of LaPlace's formula and the geometry of the stomach.
It should be mentioned that gastric overpressurization as seen in this case is more likely to occur during relatively unskilled bag-and-mask resuscitation. The likelihood of this occurring also may be connected with the common practice of giving elderly patients "a little anesthesia" for painful procedures performed outside of the operating room.
